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A goal of forest tree nursery operations is to produce high-quality seedlings with target characteristics capable of maximum performance potential after outplanting into the field (Rose et al. 1990 ). Mineral nutrition is a critical aspect of seedling quality. Fertilization during nursery culture can enhance plant growth, nutrient storage reserves, root growth potential, and resistance to drought stress, freezing temperatures, and diseases (Landis 1985 , Rook 1991 , van den Driessche 1991 .
Use of controlled-released fertilizer (CRF) as a means to optimize nutrient delivery in the nursery has increased greatly in the last decade (Donald 1991, Haase and Rose 1997) . Compared to conventional water-soluble fertilizers, CRF offers the advantage that a single application can supply seedlings with enhanced nutrition throughout a growing season while minimizing seedling damage or nutrient loss through leaching (Hauck 1985 , Bunt 1988 , Donald 1991 . Use of CRF has potential to decrease nursery labor and fertilizer costs while also reducing groundwater pollution associated with nutrient runoff. However, specific research concerning the use of CRF in forest tree nurseries, particularly with Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), has been limited.
Many CRF types are currently marketed for use with forest tree seedlings. CRF types differ by nutrient formulation, coating, and estimated nutrient release rate. Polymercoated fertilizer (PCF) comprises the majority of CRF used in containerized nursery plant production (Bunt 1988 , Goertz 1993 , Huett and Gogel 2000 . Nutrient release from PCF is activated by the diffusion of water through the prill membrane, which creates an osmotic pressure gradient leading to outward leakage of the nutrient solution into the growing media ). Media temperature is the primary environmental mechanism controlling this process ), with release rates increasing with increasing temperature (Kochba et al. 1990, Huett and Gogel 2000 estimates from lab trials where temperatures are held at a constant 21-25°C (Goertz 1993) . Actual release rates under operational conditions may vary considerably from these estimates (Bunt 1988) , as media temperature may fluctuate greatly over time. For instance, in a study where Osmocote and Nutricote (3-4 month release) were tested, the most rapid N and K release occurred within the first 2 weeks after potting when plant demand was low, thus resulting in significant nutrient leaching (Huett 1997a (Huett , 1997b . The temporal pattern of release may also vary significantly among PCF products, despite similar labeled release rates (Lamont et al. 1987 , Cabrera 1997 , Huett and Gogel 2000 . Manufacturers control release rates of PCF by altering the physical characteristics of the coating, such as thickness or chemical composition of the polymer (Goertz 1993) . The coating material of PCF may consist of many different polymer types, including polymeric resins (Osmocote, O.M. Scotts Co.), polyurethane (Polyon, Pursell Industries, Inc.), and polyolefin (Nutricote, Plantco). A better understanding of how these products release nutrients and affect seedling development is needed to realize the potential benefit of PCF for nursery production.
Two common PCF types used in forest tree nurseries are Osmocote Plus (OS) (O.M. Scotts Co.) and Apex (AP) (J.R. Simplot Co.). An alkyd resin coating technology is used to produce OS (Goertz 1993) , in which nutrients are coated with multiple layers of polymeric resin. Nutrients in AP, manufactured using Polyon (Pursell Industries, Inc.) technology, are encapsulated using a reactive layer coating process in which two reactive monomers are polymerized to form a polyurethane coating (Goertz 1993) . Differences in coating technology may lead to variations in both rate and pattern of nutrient release from comparable PCF products (Lamont et al. 1987 , Cabrera 1997 , Huett and Gogel 2000 , which may affect nutrient availability and subsequent plant development.
An understanding of how nutrient release technology varies among PCF types and corresponding seedling response is critical for forest seedling nursery growers. Using this information, the grower may select the PCF product and application rate which will maximize nutrient availability during the active growing period while minimizing potential for nutrient leaching and buildup of toxic salt concentrations in the media, which can damage roots and reduce growth (Jacobs et al. 2003) . This knowledge may also be used to help limit release of N late in the growing period, reducing potential for undesired shoot growth during dormancy induction (Landis et al. 1989) .
The objective of this study was to assess the effects of two common PCF types with different coating technologies (OS and AP) applied at a range of application rates on Douglas-fir seedling growth and foliar nutrition. The fertilizers were applied as a supplement to periodic application of water-soluble fertilizers, as is often conducted operationally when PCF is used in forest tree nurseries. We hypothesized that the addition of PCF would enhance seedling growth and nutrition compared to controls and that there would be significant temporal variation in seedling response among PCF types. (Landis et al. 1989) , until lifted and transplanted into pots in mid-June 1999. Seedlings had a mean (ϮSE) height of 5.1 (0.2) cm and stem diameter of 1.05 (0.02) mm at transplant.
Materials and Methods
Seedlings were transplanted into cylindrical pots 30.5 cm in length and 10.2 cm in diameter. A metal screen for drainage was installed 1 cm from the bottom of the pots. Pots were filled to a depth of 13 cm from the bottom with a 4:4:1:1 (v:v:v:v) peat:composted plant material:pumice:perlite (Organic mix, Pacific Soil, Hubbard, OR). Analyses provided by the manufacturer indicated that the nutrient concentration of this media was low (i.e., 78 ppm NO 3 , 15 ppm NH 4 , 16 ppm P, 287 ppm K). Two PCF types, polymeric-resin coated Osmocote Plus (OS) (O.M. Scotts Co.) and polyurethane-coated Apex (AP) (J.R. Simplot Co.) (Table 1) were then applied at rates of 600, 1200, and 1800 mg total N/seedling as a single uniform layer. An unfertilized control treatment also was included. Each PCF was designed by the manufacturer to release approximately 80% of its nutrients within 5-6 months, based on a media temperature of 21°C. An additional 2.5 cm of potting mix was applied above the fertilizer layer. Seedlings then were transplanted and media was filled to 2.5 cm below the top of the pots. The total volume of soil in each pot was approximately 2,250 cm 3 . All pots were thoroughly watered after planting and placed in a controlled-environment greenhouse at Oregon State University's Oak Creek Plant Facility (44°38Ј N, 123°30Ј W) for 9 months. Fans and coolers were used to keep daytime temperatures during summer below 32°C and Nutrient concentrations, as percent by weight, of the two polymer-coated fertilizers used in the study.
Nutrient Osmocote Plus
Apex heaters were used to maintain temperatures above 10°C during winter. Pots were watered to field capacity when a representative sample (two randomly selected pots in each block) dried to a water content of 39% [using formula in Haase and Rose (1994) ]. This provided a water content range known to promote optimum Douglas-fir morphological and physiological development (Khan et al. 1996) . All seedlings received 50 ppm Peters 20-20-20 (N-P-K) plus micronutrients water-soluble fertilizer at every third watering cycle to prevent severe nutrient stress of unfertilized controls. Periodic addition of water-soluble fertilizer despite incorporation of PCF into growing media is consistent with methods often used in operational container propagation of forest seedlings and allowed us to examine potential added benefit of PCF. Watering occurred approximately every 11 days during the first 4 months and every 17 days during the final 4 months. Temperature recorders (Model R-2100, Telog Instruments, Inc.) positioned at the approximate depth of the fertilizer layer in three randomly selected pots recorded monthly means of 24, 23, 21, 15, and 12°C (JulyNov., respectively) during the expected period of active nutrient release. The experiment was arranged in a 2 ϫ 4 factorial, randomized complete block design (2 PCF types ϫ 4 PCF rates). Each of six benches in the greenhouse was designated as a block due to expected gradients in light, temperature, and air circulation. Within a block, 64 pots (eight pots per treatment) were randomly distributed. The experimental unit was the group of sampled seedlings per treatment in each block and the sampling unit was an individual seedling.
Measurements
In mid-Oct. 1999 (4-month sampling) at the approximate time of bud set and again in early-Mar. 2000 (9-month sampling), half of the seedlings in each treatment within each block (four seedlings) were randomly selected for harvest and measured for height, stem diameter, shoot/root volumes using water displacement (Burdett 1979) , and shoot/root dry weights.
At each sampling, a composite foliar sample (approximately 8 g dried foliage/treatment replication) was collected by removing needles from four seedlings in each treatment for four blocks. Each foliar sample was dried at 70°C for 72 h and then ground in a Wiley mill (40-mesh screen). Nutrient concentrations (USAg Analytical Services, Inc., Pasco, WA) were determined using methodology in Gavlak (1994) . Total Kjeldahl nitrogen (TKN) was determined by using the macro-Kjeldahl method, and concentrations of P, K, Ca, Mg, and S were determined using wet ash extraction (nitric/perchloric acid). Nutrient contents were computed as the product of nutrient concentration and dry weight of 100 needles (Haase and Rose 1995) .
Statistical Analysis
Data were analyzed by analysis of variance (ANOVA). Tests for normality, linearity, and constant variance were performed to ensure the validity of the assumptions of ANOVA, and no transformations were necessary. Fisher's Protected Least Significant Difference procedure was used to detect significant differences among treatment means (␣ ϭ 0.05) when the interaction and/or main effects were significant (P Ͻ 0.05 in F test) in the ANOVA. A factorial analysis was conducted to examine the effect of fertilizer rate; however, a one-way ANOVA was used when assessing the effect of PCF type to examine differences among the control, OS, and AP treatments. SAS software (SAS Institute, Inc., Cary, NC) was used for analysis of all data.
Results

Morphology
PCF type marginally affected seedling growth over time. Seedlings fertilized with OS had greater stem diameter growth (P ϭ 0.0436) at the 4-month sampling than those fertilized with AP or the control (Table 2) . Means for height growth (P ϭ 0.0545), root volume (P ϭ 0.0791), shoot volume (P ϭ 0.0580), root dry weight (P ϭ 0.0795), and shoot dry weight (P ϭ 0.1147) at the 4-month sampling were all greater for OS than AP or the control (Table 2 ), but differences were nonsignificant. At the 9-month sampling, there were no morphological differences among PCF types for any variable (P Ͼ 0.1065).
No significant fertilizer rate effects were detected for any morphological parameters at either sampling (Table 3) .
Nutrients
After 4 months, mean foliar concentration of N (P ϭ 0.0302) was significantly greater for seedlings fertilized with AP compared to those fertilized with OS or the control (Table 4 ). Mean concentration of P (P ϭ 0.0084) in seedlings fertilized with AP was significantly greater than for those fertilized with OS but did not differ from the control. Table 2 . Mean values for morphology of Douglas-fir seedlings grown with two different polymer-coated fertilizer types (averaged across fertilizer rates) and the control treatment at two sampling times. For each parameter within each sampling time, means followed by the same letter did not differ significantly at ␣ ‫؍‬ 0.05. Both OS and AP had significantly greater mean Ca concentrations (P ϭ 0.0459) than the control. Mean nutrient contents, however, were similar among treatments (Table 4) , except Ca content, which was higher for OS and AP seedlings (P ϭ 0.0105) compared to the control (Table 4) . At the 9-month sampling, most nutrient concentrations were no longer statistically different among treatments although Ca concentrations were still greater for seedlings fertilized with OS and AP compared to the control (P ϭ 0.0030) ( Table 4) . Both P (P ϭ 0.0409) and K (P ϭ 0.0029) concentrations differed significantly by fertilizer rate at the 4-month sampling with seedlings in the highest rate having lower mean concentrations than those in the control (Table 5 ). There were no significant differences among rates for N concentration at either sampling (Table 5) , although N content differed after 4 months (P ϭ 0.0197) with seedlings fertilized with 1200 mg N having the highest mean N content (Table 5) . Ca concentration at the 9-month sampling increased significantly with increasing fertilizer rate (P Ͻ 0.0001) ( Table 5) .
Discussion
Seedling Morphological Development
Seedling morphological development in the nursery is largely dependent on nutrient availability. Most containerized nurseries use a peat-vermiculite media that is essentially infertile, necessitating the addition of fertilizer nutrients (Landis 1989) . Both shoot and root growth are enhanced when essential nutrient elements are provided at optimum levels for uptake, as these elements regulate basic physiological processes such as CO 2 assimilation, respiration, translocation, and synthesis of sugars, proteins, and nucleic acids (Rook 1991) .
Despite similar labeled release rates and nutrient formulations, seedlings fertilized with OS had 11% greater stem diameter growth than those fertilized with AP after 4 months (Table 2) . However, growth differences were negligible at 9 months (Table 2), indicating that seedlings fertilized with AP grew at a more rapid rate between the first and second sampling. Huett and Gogel (2000) found that longevities of various types of PCF, measured as weeks to 90% nutrient leachate recovery at 30°C, were considerably shorter than the nominated release periods for all formulations. Osmocote released nutrients faster than all other PCF types with release periods up to 10 weeks shorter than comparable Nutricote and Apex products. OS may have released nutrients more rapidly than AP in this experiment as well, based on observed differences in morphological development over time. Table 3 . Mean values for morphology of Douglas-fir seedlings grown with different polymer-coated fertilizer rates (averaged across fertilizer types) at two sampling times. There were no significant differences between any parameters at ␣ ‫؍‬ 0.05. There were no significant differences in seedling morphology at either sampling point among PCF rates (Table  3) , which included a control treatment that received only occasional application (every 33-51 days) of water-soluble fertilizer. This result was unexpected, as numerous studies have documented enhanced growth of seedlings fertilized with PCF. After 12 months, Jeffrey pine (Pinus jeffreyi Grev. & Balf.) seedlings grown in 164 cm 3 containers and fertilized with 1.2 g (204 mg N) of 4-month longevity Sierra ® 17-6-12 plus micronutrients (O.M. Scotts Co.) had 19% greater height, 9% greater stem diameter, 48% greater shoot dry weight, and 42% greater root dry weight than seedlings fertilized monthly with Peters 20-10-20 water-soluble fertilizer (Walker and Huntt 1992) . Similarly, Jeffrey pine seedlings grown in 1000 cm 3 containers and fertilized with 3 or 6 g High N ® 24-4-7 (O.M. Scotts Co.) (720 or 1440 mg N) or Sierra 16-6-10 plus micronutrients (480 or 960 mg N) (each with a 12-month longevity) had 5-18% greater height and 7-29% greater stem diameter after 12 months than those fertilized monthly with water-soluble Peters 20-10-20 (Walker and Kane 1997) .
It is possible that growth differences between seedlings treated with or without PCF were negligible in this experiment because seedlings received adequate nutrition from the water-soluble fertilizer. This was supported by the similar values among treatments for foliar nutrient content and concentration (Table 5 ). Thus, growers should not necessarily expect additional seedling growth benefit from PCF if water-soluble fertilizers are used simultaneously. However, in an experiment with Engelmann spruce (Picea engelmannii Parry ex Englelm.) where seedlings (grown in 61 cm 3 containers) in all treatments were fertilized with water-soluble fertilizers (Peters 7-40-17 at 28 ppm N for 5 weeks, Peters 20-7-19 at 100 ppm N for 8 weeks, and Plant-Prod Finisher (Plant Products Co.) 8-20-30 at 50 ppm N for 12 weeks), seedlings given supplemental 9-month longevity Osmocote 18-6-12 or Nutricote 16-10-10 (each incorporated at 4.7 kg/m 3 resulting in approximately 51 or 45 mg N, respectively) had a 56 -68% greater height, 22-26% greater stem diameter, and 32-35% greater dry weight than controls, though root weight was reduced by 12-22% (Hunt 1989) .
Foliar Nutrition
After 4 months, foliar N and P concentrations were significantly greater for seedlings fertilized with AP than for those fertilized with OS (Table 2 ). This may have been due to dilution of N and P in faster-growing seedlings fertilized with OS, as indicated by similar values between treatments for nutrient content (Haase and Rose 1995) .
The lack of significant growth responses to PCF application compared to controls may be partly explained by the lack of significant treatment differences for most nutrient concentrations. Foliar concentrations of all nutrients at both samplings were relatively high (Tables 2-3) and well above recommended minimum critical levels for container tree seedling growth (Landis et al. 1989) , regardless of fertilizer treatment. For instance, adequate ranges of nutrient concentrations may fall between 1.4 -2.2% for N, 0.2-0.4% for P, and 0.4 -1.5% for K (Landis et al. 1989) . Growth differences reported by Walker and Huntt (1992) between Jeffrey pine seedlings treated with PCF compared to those fertilized with only water-soluble fertilizer also corresponded with higher nutrient concentrations in PCF-treated seedlings (e.g., 3.44 or 4.43% versus 2.31% for N), though foliar concentrations in seedlings fertilized with only water-soluble fertilizer were still above minimum recommended levels (Landis et al. 1989 ). Table 5 . Mean values for foliar nutrient concentration and content for fertilizer rate (averaged across fertilizer types) at two sampling times. For each nutrient and within each sampling time, means followed by the same letter within a column did not differ significantly at ␣ ‫؍‬ 0.05. 
Conclusions
Despite similar labeled release rates and nutrient formulations, seedlings varied in their response to different PCF types over time. Seedlings fertilized with OS had greater diameter growth and reduced foliar N and P concentrations than those fertilized with AP during the first 4 months, but response variables were similar after 9 months. These results were likely a function of variations in nutrient release technology between the different PCF types. Understanding how PCF products vary in their effects on seedling development has important implications for nursery managers regarding issues such as achieving target morphological characteristics, building adequate nutrient reserves, and conditioning plants for dormancy. A system for predicting nutrient release under operational conditions among PCF types is needed such that confident recommendations regarding PCF use can be implemented based on fertilizer formula and coating material/thickness. Additionally, knowledge of crop nutrient requirements over specific developmental stages is as important as knowing the pattern and intensity of nutrient release from a given PCF.
There were few differences in seedling development among PCF rates, indicating that PCF addition may not add further benefit to seedling development if adequate nutrition is provided using conventional water-soluble fertilizers. However, incorporation of optimal rates of PCF may allow for elimination or at least significant reduction of water-soluble fertilizers, potentially saving nursery supply and labor costs as well as reducing nutrient leaching.
It should be noted that the containers in this study were larger than those used in operational nursery propagation of forest seedlings, suggesting potential variation may occur when transferring these results to operation. Further investigation into options such as reducing or eliminating application of water-soluble nutrients with PCF, mixing different PCF formulations and release rates, and adjusting PCF application to match crop nutrient demand may be useful to help optimize nursery fertilizer prescriptions.
